Carbonic anhydrase (EC.4.2.1.1) was purified from leaves of the dicotyledon Pisum sativumrl L. (56-fold) and from leaves of the monocotyledon Tradescantia albiflora . The molecular weight of the Pisumn enzyme was estimated to be 188,000 + 8,000 with subunit sizes of 28,000 ± 3,000 and 56,600 + 3,500. It contained 1 mole zinc per 32,500 + 2,000 g protein. 
All the mammalian carbonic anhydrases (EC 4 (8) . Partially purified (5, 6, 18) and highly purified (12, [14] [15] [16] preparations of carbonic anhydrase have been made from the leaves of a number of plants. These enzymes are larger than those from animal tissues, the reported molecular weight being 180,000 for carbonic anhydrase from Petroselenium crispum (parsley) (16) and 140,000 from Spinacia oleracea (spinach) (12). Zinc was found in some (14) (15) (16) 18) but not all (5, 12) preparations.
In an electrophoretic study of leaf extracts from many plant species, we have shown (2) that while the carbonic anhydrases from dicotyledons are similar in size to the isolated parsley (16) and spinach (12) enzymes, those from monocotyledons are closer in size to the mammalian carbonic anhydrases.
In the present study carbonic anhydrases were isolated from the dicotyledon Pisuin sativumt L. and the monocotyledon Tradescantia albiflora Kunth. The molecular weights, subunit sizes, zinc content, sensitivity to inhibitors, and stability of these preparations were determined and compared. ' Recipient of Rothman's post doctoral fellowship. 
MATERIALS AND METHODS
Plant Material. Leaves were taken from Tradescantia albiflora Kunth. which was growing in the field during the southern hemisphere summer. The leaves and stem were taken from 2-to 3-week-old plants of Pisumn sativumi L. cv. Greenfeast (Yates Seeds, Sydney, N.S.W.) which were grown in vermicuLlite in a glasshouse.
Buffer Solutions. Unless stated otherwise, the pH value of all buffers was determined at 5 C and all contained 1 mM Na,-EDTA and 0.1 M 2-mercaptoethanol. For enzyme isolation, two buffers at pH 8.3 were used; Buffer A contained 0.3 M tris-SO and buffer B contained 10 mm tris-SO.
Isolation of Carbonic Anhydrase from Tradescantia. All operations were carried out at 1 C. Nine kg of leaves were chilled and thoroughly homogenized in a Waring Blendor with 9 liters of buffer A. The homogenate was filtered through two layers of nylon mesh (60 tim hole size; Nycloth Co., Harris Park, N.S.W.) and centrifuged at 35,000g for 40 min. The pellet was discarded, and finely powdered ammonium sulfate was added to the supernatant (0.28 g to each ml) with continuous stirring. After centrifugation (35,000g for 30 min) the pellet was discarded. More ammonium sulfate was added to the supernatant (0.16 g to each ml) and the precipitated enzyme recovered by centrifugation (35,000g for 30 min). The pellet was dissolved in the minimum volume of buffer B and dialyzed against three changes (each 4 liters) of 5 mm tris-SO, buffer, pH 8.3, containing 20 mm ME. 4 The ME concentration of the dialysate was adjusted to about 0.1 M, and insoluble material was removed by centrifugation (20, 000g for 15 min). The supernatant (245 ml) was mixed with A-50 DEAE-Sephadex (20 g dry weight equilibrated with buffer B) in a Buchner funnel and eluted with 1.2 liters buffer B containing 10 mm Na,SO,. This effluent was discarded, and the enzyme was eluted with 1.2 liters buffer B containing 100 mm Na.,SO,. Following ammonium sulfate precipitation (0.44 g added to each ml) the preparation was dissolved and dialyzed as above. The dialysate was placed on a 2-X 30-cm column of DEAEcellulose (Whatman DE-32) equilibrated with buffer B containing 10 mm Na,SO,, and the enzyme was eluted (see Fig.  IA ) at 25 ml per hr with a linear Na,SO, gradient (250 ml buffer B with 10 mm Na,SO, in the mixing chamber and 250 ml buffer B with 200 mm Na,SO, in the reservoir). The "active' fractions (within the arrows shown in Fig. 1 A) were pooled, concentrated by ammonium sulfate precipitation (0.44 g added to each ml) to 20 ml, and placed on a 36-x 2.5-cm column of G-100 Sephadex. The enzyme was eluted with buffer B at 25 ml per hr, and the active fractions were pooled (within the arrows shown in Fig. 2A) tured and reduced by the method of Shapiro et al. (13) . The preparations were subjected to electrophoresis for 5 hr at 50 v with 25 mm, pH 7.2, phosphate buffer containing 0.1% w/v SDS and 0.1% v/v ME using 7 x 7 cm, 10% polyacrylamide slabs in the apparatus of Margolis and Kenrick (9) . Protein bands were detected by staining with 0.38% w/v amido black in 1 M acetic acid.
Polyacrylamide Gradient Gel Electrophoresis. Samples of crude extract as well as purified carbonic anhydrases were subjected to electrophoresis and the enzyme activity detected on gels as described previously (10) .
Determination of Sedimentation Velocity. The sedimentation velocity of purified carbonic anhydrase from Tradescantia (4 or 8 mg protein per ml in 1 mm tris-S04 buffer, pH 8.3, containing 50 mm Na2SO,4 and 5 mm ME) was determined at 59,780 rpm and 20 C in a Spinco Model E ultracentrifuge.
Determination of Zinc. Usually 4 ml of solution containing about 1 mg of protein was taken, and 0.5 ml of 60% v/v perchloric acid added. The mixture was evaporated almost to dryness on a sand bath and then dissolved to a final volume of 4 ml with 0.1 N HCI. Standard samples containing from 0.1 to 1 ,ug of Zn/ml were carried through the same digestion procedure. Zinc was measured by atomic absorption spectroscopy. In the calibration range used (up to 1 ,tg Zn per ml) the response was linear (1 absorbance unit = 1.43 ,tg Zn/ml).
Determination of Protein. For specific activity and specific zinc content estimations the method of Lowry (7) was used with bovine serum albumin (Sigma, crystalline) as a standard. (11) and held at 0.5 C. Then a 10-1-l sample of enzyme was added, and after 2 min at 0.5 C the reaction was started by the addition of CO2-saturated water. For each compound the concentration causing 50% inhibition was found from a plot of the log concentration and the observed percentage of inhibition. Carbonic anhydrase activity was unaffected by the ethanol added with the sulfonamides.
Stability. Samples of each enzyme were held at 5 C with 0.1 M ME at different pH values in closed vessels. The buffers used were 0.1 M acetate at pH 4.85 and 5.4; 0.1 M tris-maleate at pH 6.1, 7.2, and 8.25; 0.1 M tris-S04 at pH 8.3; and 0.1 M glycineNaOH at pH 9.05, 10.25, and 11.3. The solutions were assayed periodically for up to 10 days to determine the rate of loss of carbonic anhydrase activity.
RESULTS
Purification. The purification of the Tradescantia carbonic anhydrase is shown in Table I . There was a 24-fold purification of the enzyme from the soluble leaf proteins, and 30% of the activity assayed in the crude extract was recovered. The purification of the Pisumn carbonic anhydrase is shown in Table  II . There was a 56-fold purification of the enzyme from the soluble leaf proteins, and 10% of the activity assayed in the crude extract was recovered.
Molecular Weight Determinations. Figure 3 clearly shows that the carbonic anhydrases from the two species were of different molecular weight (by gel filtration). The Tradescantia activity eluted between ovalbumin (45,000) and /3-lactoglobulin (35,000) giving an estimate for molecular weight of 42,000 + 2,000. The Pisum enzyme activity eluted between y-globulin (205,000, (1) The molecular weight of the protein in the Tradescantia preparation was confirmed by a determination of sedimentation velocity. A single, symmetrical peak was found in the ultracentrifuge with a sedimentation constant around 3.2 S.
After denaturation both preparations contained a protein of around 27,000 mol wt in the presence of SDS (Fig. 4) . The Pisum enzyme, however, yielded a second protein of about twice this size (52,000, Fig. 4) . The values found from five gels were 27,500 + 2,200 for Tradescantia and 28,000 + 3,000 and 56,500 + 3,500 for Pisum carbonic anhydrase.
Zinc Content. The carbonic anhydrase from both species was associated with zinc in column effluents where elution of the metal was coincident with enzyme activity (Fig. 2) . During the preparation of these enzymes the ratio protein/Zn decreased with increasing purity. The minimum protein/zinc ratio found in the purified enzymes was in each case about 33,000 g protein per mole Zn ( Fig. 2A and B) . For four samples of Tradescantia enzyme the minimum weight of protein per mole Zn was 34,000 + 2,000 g protein, and for five samples of Pisum enzyme was 32,500 + 2,000 g.
Gel Electrophoresis. The difference in the size of the carbonic anhydrases from the two species is correlated with the electrophoretic mobility of enzyme activity in crude extracts (1 and 2 in Fig. 5 ) on gradient gels. The two major bands of activity found in the homogenate from Tradescantia were also present in the purified enzyme (2 and 3 in Fig. 5 ). A similar result was obtained for the purified Pisumn carbonic anhydrase. The trace of less mobile activity found in the homogenate of Tradescantia was removed during storage as an ammonium sulfate precipitate.
The form of the eluted activity found during ion-exchange chromatography on the DEAE-cellulose column used (see Fig. 1, A and B) suggests that there was partial separation of more than one carbonic anhydrase in both preparations. This was confirmed by gel electrophoresis of fractions from the column effluent of the Tradescantia enzyme (5-8 in Fig. 5) . When a strip of this gel-containing enzyme was removed and placed at right angles on the origin of a fresh polyacrylamide slab and subjected to electrophoresis, each band yielded a single band, suggesting that the two forms of the enzyme were not interconvertible under the conditions used.
Inhibition. The two enzyme preparations differed in their sensitivity to the sulfonamide and inorganic anion inhibitors tested (Table III) .
Stability in Solution. The Pisum carbonic anhydrase was more stable in solution than was the enzyme from Tradescantia (Fig. 6) . At pH 4 .85 in each case the half-life of activity was around 1 min and at 5.4 around 10 min. At pH values greater than 6.0, however, the Pisum enzyme was up to 15 times more stable (pH 7.2 in Fig. 6) 'By gel filtration.
2 By sedimentation equilibrium. I By SDS gel electrophoresis.
enzymes showed maximum stability near pH 8.25 and both were less stable with increasing alkalinity (Fig. 6 ).
DISCUSSION
The Pisumn enzyme with a molecular weight of about 188,000 was similar to the parsley enzyme isolated by Tobin (16) ( Table IV) . The only other weight estimation of plant carbonic anhydrase is 140,000 for a zinc-free enzyme isolated from spinach leaves (12). As the electrophoretic migration of carbonic anhydrases from leaf extracts of species in 19 dicotyledon families was similar to those from pea, spinach, and parsley on gradient gels (2), it may be inferred that the "dicotyledon-type" carbonic anhydrase has a molecular weight around 180,000. The Tradescantia carbonic anhydrase was much smaller than the dicotyledon-type enzyme. While estimates of weight are not available for any other species, the electrophoretic similarity found for examples from 1 1 monocotyledon families (2) suggests a value around 40,000 for the monocotyledon-type enzyme.
Tobin (16) has proposed that the parsley enzyme is made up of six similar subunits (mol wt 30,000), each containing 1 atom of zinc. The two polypeptide chains found in SDS gel electrophoresis of Pisum carbonic anhydrase might indicate two different sized subunits in this enzyme. However, aggregation of protein monomers into dimers by disulfide bonding during electrophoresis has been noted previously (13) and, in view of the relative sizes of the polypeptides found, dimerization is a possible explanation. Nevertheless the size of the smaller subunit and the zinc content indicate a polypeptide similar to that found previously for parsley (Table IV) . The minimum specific zinc content of the Tradescantia carbonic anhydrase was intermediate between the molecular weight estimates of the native and denatured enzymes (Table IV) , and so it is difficult to say whether there is one zinc atom per polypeptide or per native enzyme molecule. The absence of a smaller molecule (around 14,000) on the SDS gels likewise does not allow for a conslusion about the number of polypeptides in the native carbonic anhydrase.
The presence of two distinct (electrophoretically resolved) enzymes in purified preparations, together with the fact that they appear not to be freely interconvertible lends at least some support to the idea of carbonic anhydrase isoenzymes in the leaves of higher plants (2) . While for the Pisumn enzyme preparation the maximum protein and maximum activity were coincident (Fig. 2B) , this was not the case for the purified Tradescantia enzyme (Fig. 2A) . A similar result was found in preparative disc gel electrophoresis of the purified parsley enzyme by Tobin (see Fig. 2 in ref. 16 ) and might be explained by the presence of two carbonic anhydrases differing in their specific activity.
As has been observed previously (3) (4) (5) 15 ) the sulfonamides were about 1000 times less inhibitory to plant carbonic anhydrases than to the erythrocyte enzymes. The reverse was found for inorganic anions, nitrate being 500 times more effective against the Pisuml enzyme (Table III) and 50 times more effective against the enzyme in spinach leaf extracts (4) than against human erythrocyte carbonic anhydrase (17) . The marked differences in sensitivity to these inhibitors shown by the plant and animal enzymes suggest that the nature of and relationship between the active and inhibitor-binding sites may not be the same in each case.
The lack of inhibition by other anions such as sulfate and phosphate and a much lower sensitivity to chloride (4) suggests that the endogenous levels of free nitrate or nitrite (4) ion might regulate carbonic anhydrase activity in leaves.
If. as suggested by the behavior of the enzyme from Tradescantia, the "monocotyledon" carbonic anhydrases are more labile in solution than those from dicotyledons, then some of the difference in levels observed previously (2) might be explained by a difference in stability following extraction. Waygood and Clendenning (19) found a rapid (half-life at pH 9 about 2 hr) inactivation of partially purified carbonic anhydrase from Tetr-agonia expansa with an optimum for stability at pH 6. This study, however, was done in the absence of a reducing agent, and as found previously for the parsley enzyme (1 6) , both the enzymes isolated were more rapidly inactivated in the absence of mercaptoethanol at all the pH values tested.
Page 790, column 2, the last sentence which continues on page 791, column 1, the information should be corrected to read: The (nonsignificant) calculated values for complementation did not exceed the mean of the parent varieties more than 6.5%. Furthermore, no correlation with the results of field trials with the F1 hybrids is indicated. This remains true for heterosis of kernel yield as well as for straw height.
Since the cross between the varieties Jubilar and Diplomat showed a very pronounced and significant heterosis effect in kernel yield, we have used isolated mitochondria from these varieties for biochemical investigations as reported by Sarkissian (4) and Sarkissian and Srivastava (6) . According to Page 736, Figure 7 legend, should be corrected to read: Serial sections taken through internodes 1, 2, 3, and 4 ...
